At present, grazing incidence mirrors are used almost exclusively as the first optical element in VUV and soft x -ray synchrotron radiation beam lines.
INTRODUCTION
Essentially all synchrotron radiation based VUV and soft x -ray beam lines in use throughout the world today utilize reflection optics for collection and focusing (or defocusing) .
The transmission and energy resolution of these beam lines depends in varying degrees upon the precise maintenance of the figure of these mirrors. In some designs, these figure errors can also reduce the resolving power of the monochromator.
It is precisely the desired combination of higher flux and higher energy resolution that will most likely lead to new understanding of the physical processes which occur at the spectroscopically. important K -edges of the light elements such as carbon, nitrogen, and oxygen and the L -edges of the third row elements up to copper (including the 3d transition metals), all of which lie in the VUV /soft x -ray energy range (20 to 1000eV).
Much previous work' has been done concerning the best materials, cooling methods, and cooling geometries for specific power loading conditions.
Here, we present an integrated set of calculations of the power load distributions of three representative synchrotron sources on a grazing incidence mirror, the resulting thermal gradients and deformations, and the effects of these figure errors on the transmission of two representative soft x -ray monochromators.
In section II we present power load distributions from three synchrotron radiation sources at the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory incident upon a vertically deflecting mirror at 2° grazing angle of incidence located 10m from the source; in section III we present the results of thermal and stress analyses of this mirror; in section IV we present ray tracing calculations of the effect of the thermally -induced deformations on the optical performance of the Spherical Grating Monochromator (SGM) , one member of a class of soft x -ray grazing incidence monochromators that utilize an entrance slit, and the proposed UMO monochromator an entrance slitless monochromator designed for undulator sources; and in section V we present our conclusions.
POWER LOADS FROM SELECTED NSLS DEVICES
In order to compare the effects of different synchrotron radiation sources on soft x -ray beam lines of different optical designs, we choose a fixed mirror size, orientation, The performance of these mirrors is determined by thermal and mechanical stress-induced figure errors as well as by figure errors remaining from the grinding and polishing process. With the advent of VUV and soft x-ray undulators and wigglers has come a new set of thermal stress problems related to both the magnitude and the spatial distribution of power from these devices. In many cases the power load on the entrance slits and gratings in these beamlines is no longer negligible.
The dependence of thermally-induced front-end mirror figure errors on various storage ring and insertion device parameters (especially those at the NSLS) and the effects of these figure errors on two classes of soft x-ray beam lines are presented.
INTRODUCTION
Essentially all synchrotron radiation based VUV and soft x-ray beam lines in use throughout the world today utilize reflection optics for collection and focusing (or defocusing).
The transmission and energy resolution of these beam lines depends in varying degrees upon the precise maintenance of the figure of these mirrors. In general, beam lines which utilize higher resolving power (E/AE) monochromators require mirrors with lower figure error in order to achieve high transmission (i.e. high flux throughput).
The demand for higher flux has led to the use of storage ring insertion devices (wigglers and undulators) as very intense sources of synchrotron radiation, independent of the beautiful coherent properties of their output.
The increased power load and, especially, the increased power density on the optical elements of insertion device beamlines leads to larger thermal gradients in these optical elements and hence to larger internal stresses and larger thermal distortions of their surfaces. As we shall see, these t h e r m a 1 1 y -i ndu c e d figure errors can reduce the transmission of the beam line, thereby offsetting the benefits of increased flux from the source.
In some designs, these figure errors can also reduce the resolving power of the monochr oma to r . It is precisely the desired combination of higher flux and higher energy resolution that will most likely lead to new understanding of the physical processes which occur at the spectroscopically . important K-edges of the light elements such as carbon, nitrogen, and oxygen and the L-edges of the third row elements up to copper (including the 3d transition metals), all of which lie in the VUV/soft x-ray energy range (20 to lOOOeV).
Much previous work has been done concerning the best materials, cooling methods, and cooling geometries for specific power loading conditions.
Here, we present an integrated set of calculations of the power load distributions of three representative synchrotron sources on a grazing incidence mirror, the resulting thermal gradients and deformations, and the effects of these figure errors on the transmission of two representative soft x-ray monochromators.
In section II we present power load distributions from three synchrotron radiation sources at the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory incident upon a vertically deflecting mirror at 2° grazing angle of incidence located 10m from the source; in section III we present the results of thermal and stress analyses of this mirror; in section IV we present ray tracing calculations of the effect of the thermally-induced deformations on the optical performance of the Spherical Grating Monochro m a t o r (SGM) , one member of a class of soft x-ray grazing incidence monochromators that utilize an entrance slit, and the proposed UMO mono chromator , an entrance slitless monochromator designed for undulator sources; and in section V we present our conclusions.
POWER LOADS FROM SELECTED NSLS DEVICES
In order to compare the effects of different synchrotron radiation sources on soft x-ray beam lines of different optical designs, we choose a fixed mirror size, orientation, material, and cooling geometry.
Specifically, we consider a 500mm x 65mm x 45mm rectangular mirror oriented so that the central ray from the source is incident at a grazing angle of two degrees on the center (the pole) of the 500mm x 65mm face of the mirror in a scattering plane parallel to the long dimension of the mirror. The mirror pole is ten meters from the center of the source, which provides 1.75mrad vertical acceptance while maintaining high soft x -ray reflectivity of the high -Z surface coating (e.g. gold or platinum). The back face edges of the mirror are assumed to be held rigidly by the mirror support and the mirror is assumed to be cooled from the sides by water -cooled copper rails which make perfect thermal contact with the mirror (as approximated by a liquid metal interface, for example).
We choose a-sintered silicon carbide (SiC) as the substrate mirror material due to its high thermal conductivity (K) and low thermal expansion (a). In fact, the thermal deformation figure of merit, K /a, of SiC is 35% higher than that of copper4 4.5 times higher than that of aluminum, and 12 times higher than that of fused silica-. In section III we include a demonstration of the effect of changing the mirror substrate material from SiC to Al, with all other parameters held constant (mirror geometry, power load magnitude and power load distribution). Table 1 lists the physical parameters which characterize various synchrotron sources along with the total output power and peak power density from these devices. In this paper, we consider the NSLS U13 hybrid wiggler /undulator (U13), an NSLS x -ray bending magnet (XRBM), and the NSLS X1 undulator (X1). Note that the total output power loads from these three sources are much more similar than are their peak power densities. This observation is graphically presented in Fig. 1 , which shows the incident power density contours on the front face of qe mirror described above. material, and cooling geometry.
Specifically, we consider a 500mm x 65mm x 45mm rectangular mirror oriented so that the central ray from the source is incident at a grazing angle of two degrees on the center (the pole) of the 500mm x 65mm face of the mirror in a scattering plane parallel to the long dimension of the mirror. The mirror pole is ten meters from the center of the source, which provides 1.75mrad vertical acceptance while maintaining high soft x-ray reflectivity of the high-Z surface coating (e.g. gold or platinum).
The back face edges of the mirror are assumed to be held rigidly by the mirror support and the mirror is assumed to be cooled from the sides by water-cooled copper rails which make perfect thermal contact with the mirror (as approximated by a liquid metal interface, for example).
We choose a-sintered silicon carbide (SiC) as the substrate mirror material due to its high thermal conductivity (K) and low thermal expansion (a). In fact, the thermal deformation figure of merit, K/a, of SiC is 35% higher than that of copper, 4.5 times higher than that of aluminum, and 12 times higher than that of fused silica .
In section III we include a demonstration of the effect of changing the mirror substrate material from SiC to Al , with all other parameters held constant (mirror geometry, power load magnitude and power load distribution). Table 1 lists the physical parameters which characterize various synchrotron sources along with the total output power and peak power density from these devices. The total power from any synchrotron radiation source varies as the square of the ring energy E, as the square of the magnetic field strength B, linearly with stored beam current I, and linearly with a characteristic length.
For bending magnet sources this characteristic length is the radius of the bend; for insertion devices it is the total length of the device L=NA , where N is the number periods, each of length A . The power density peaks on axis and the maximum value varies as the fourth power of u the ring energy E, linearly with the magnetic field strength B, linearly with the stored ring current I, and, for insertion devices, linearly with the number of periods N ' .
In this paper, we consider the NSLS U13 hybrid wiggler/undulator (U13), an NSLS x-ray bending magnet (XRBM), and the NSLS XI undulator (XI).
Note that the total output power loads from these three sources are much more similar than are their peak power densities. This observation is graphically presented in Fig. 1 , which shows the incident power density contours on the front face of the mirror described above. The peak power density is 32 timers greater for XI (1040 W/mrad at E-2.5GeV, I = 200mA, K=2.5) than U13 (32.5 W/mrad at E-0.75GeV, I=500mA, K=8), whereas the total power for these two devices is similar (XI: 262W, U13: 287W). The peak power density for an NSLS x-ray bending magnet source XRBM (51.7 W/mrad at E=2.5GeV, 200mA) is 20 times smaller than for XI, but within the horizontal angle collected by the mirror described above (6.5 mrad) , the power output from XRBM (105W) is 40% of that from XI. Notice that the very small vertical opening angle (o ,) of these synchrotron radiation devices causes the foreshortening of the incident power distribution to be negligible, even at 2° grazing angle of incidence. Although the radiation intercepts the mirror from the left, the vertical opening angle o , of these sources is so small that foreshortening is negligible: all three conaur patterns are essentially symmetric about the center of the mirror (the axis of the radiation pattern).
In 3.
RESULTS OF THERMAL AND STRESS ANALYSIS
In this section we present finite element analyses of the SiC mirror described above under power loading. We choose the mirror described in Section I to be the second optical element (M1) in the beamline, the first being a horizontal collecting and focusing mirror (MO) at 3° grazing angle of incidence, as in the SGM currently being constructed for the U13 wiggler /undulator spectroscopy branch line at the NSLS. The use of separate horizontail and vertical focusing optical elements derives originally8from Kirkpatrick and Baez , and has 948n used in beam lines based on the Grasshopper and Extended Range Grasshopper (ERG) soft x -ray grazing incidence monochromators, among others. The soft x -ray reflectivity of a gold coating at 3° grazing angle of incidence is -50% from 100-1000eV, so we assume that 50% of the source output power is absorbed by MO. The corresponding average reflectivity for a 2° grazing gold mirror is -60 %, so we assume that 40% of its input power is absorbed.
Therefore, the M1 mirror considered here absorbs approximately 20% of the source output power ( Square channels with the same effective cooling surface area as the circular channels in the actual design were used in order to reduce the complexity of the model. A water flow of 3 meters /sec at 25 °C was assumed in the channels, which is equivalent to a film coefficient of 0.013 watts /mm C. The thermal conductivity values for SiC and Cu were taken as 0.126 and 0.390 watts /mm °C, respectively. The analysis results show that the maximum temperature rise at the center of the mirror is 0.6 °C for U13 , 0 . 9 °C for XRBM , and 5 . 8 °C for Xl (see Table 2 ) . Although elevated temperatures alter the rates of surface chemical reactions such as the undesirable cracking of residual hydrocarbons, at these modest temperatures (5.8 °C maximum temperature rise) the most important effect by far is the deformation caused by the internal stresses resulting from the thermal gradients in the mirror. In particular, it is the deformations normal to the front surface of the mirror that most affect its optical performance, especially at the grazing angles of incidence used in most VUV /soft 1. Incident power density contour plots for a mirror surface at 2° vertical grazing angle of incidence corresponding to three synchrotron radiation sources at the NSLS: (a) the U13 hybrid w i ggler/undul ator, (b) an x-ray bending magnet (XRBM) , and (c) the XI undulator.
Although the radiation intercepts the mirror from the left, the vertical opening angle a , of these sources is so small that foreshortening is negligible: all three contour patterns are essentially symmetric about the center of the mirror (the ax j s of tn ® radiation pattern).
In figures (a) and (b), the contour spacing is 0.2 W/cm and contours are drawn bold 2 for values greater than 0.5 W/cm . In figure (c), the contour spacing is 2.0 W/cm and contours are drawn J>old for values greater than 5.0 W/cm . The value of the maximum contour is 1.0 W/cm in (a), 1.8 W/cni in (b), and 36.0 W/cm 2 in (c).
In this section we present finite element analyses of the SiC mirror described above under power loading. We choose the mirror described in Section I to be the second optical element (Ml) in the beamline, the first being a horizontal collecting and focusing mirror (MO) at 3° grazing angle of incidence, as in the SGM currently being constructed for the U13 wiggler/undulator spectroscopy branch line at the NSLS. The use of separate horizontal and vertical focusing optical elements derives origina1ly g from Kirkpatrick and Baez , and has -been used in beam lines based on the Grasshopper and Extended Range Grasshopper (ERG) ' soft x-ray grazing incidence monochromators, among others. The soft x-ray reflectivity of a gold coating at 3° grazing angle of incidence is -50% from 100-lOOOeV, so we assume that 50% of the source output power is absorbed by MO.
The corresponding average reflectivity for a 2° grazing gold mirror is -60%, so we assume that 40% of its input power is absorbed.
Therefore, the Ml mirror considered here absorbs approximately 20% of the source output power (Fig.  1 shows incident power contours), and we assume that the spatial distribution of the absorbed power is the same as that shown in Fig. 1 .
The heat flow from the front face of the Ml mirror to the cooling channels in the copper side rails is essentially, three-dimensional spatially.
Therefore, a 3-D finite element model using ANSYS was prepared for the heat transfer analyses. The same model with some modifications was subsequently used to determine the deformations and stresses in the mirror.
Because of the two-fold symmetry about the center of the front face, only a quarter of the mirror was modeled. The finite element model, which consists of 840 elements in the mirror and 378 elements in each copper rail, is shown in Fig. 2 .
Square channels with the same effective cooling surface area as the circular channels in the actual design were used in order to reduce the complexity of the model.
A water flow of 3 meters/sec at 25°C was assumed in the channels, which is equivalent to a film coefficient of 0.013 watts/mm °C. The thermal conductivity values for SiC and Cu were taken as 0.126 and 0.390 watts/mm°C, respectively. The analysis results show that the maximum temperature rise at the center of the mirror is 0.6°C for U13, 0.9°C for XRBM, and 5 . 8 °C for XI (see Table 2 ). Although elevated temperatures alter the rates of surface chemical reactions such as the undesirable cracking of residual hydrocarbons, at these modest temperatures (5.8°C maximum temperature rise) the most important effect by far is the deformation caused by the internal stresses resulting from the thermal gradients in the mirror. In particular, it is the deformations normal to the front surface of the mirror that most affect its optical performance, especially at the grazing angles of incidence used in most VUV/soft x-ray beam lines.
Element temperatures obtained from the heat transfer analyses were used to Normal displacement contour plots are shown in Fig.   3 for each of the three synchrotron radiation sources shown in Fig. 1 (U13, XRBM, and X1 ).
Note the large 2. 3-D finite element model used for thermal analyses of the side-cooled back -r e s t r ained SiC mirror described in the text. The synchrotron radiation is incident from the left at 2° grazing angle of incidence on the x-y (front) face. The three thinner x-z planes of tiles on the outside face of the mirror represent the copper cooling rails, with the two rectangular water channels indicated.
determine thermal stresses and deformations in the SiC mirror. For these calculations, the copper rail was ignored and the mirror was assumed to be fixed at the edges of the back face.
The following material properties were used for SiC: thermal coefficient of expansion a=4.02x10** mm/mm°C, elastic modulus E=59.0xlCr ksi (1 ksi -6.895x10 Pa), and Poisson's ratio v = 0.142.
Normal displacement contour plots are shown in Fig.  3 for each of the three synchrotron radiation sources shown in Fig. 1 (U13, XRBM, and XI) .
Note the large 100 150
x (mm 250 3. Surface normal displacement contour plots resulting from the absorption of 20% of the corresponding incident power load distributions shown in Fig.  1 by the side-cooled back-edge restrained SiC mirror described in the text.
The contour spacing is 250 A in all three plots, and contours are drawn bold for displacements of 500 A and greater.
The maximum displacement contour values are 1000 A for U13 (a), 1000 A for XRBM (b) , and 3750 A for XI (c). The corresponding average and maximum slope errors are listed in Table 2 .
Note that only one quadrant of the mirror is shown; the other three can be generated by reflections about the x-and y-axes. differences in contour shape and density for these sources, corresponding the large differences in absorbed power density.
The average displacement contour densities (i.e. the average optical figure errors) are not proportional to the net temperature rises listed above: the average figure error in the tangential (focusing) direction (along the length of the mirror) is 0.1 arcsec for XRBM, 0.1 arcsec for U13, and 0.3 arcsec for
Xl.
The maximum slope error is generally larger than the average slope error, especially for the X1 undulator due to its highly collimated output: the maximum slope errors are 0.1 arcsec for U13 (Fig. 3a) , 0.25 arcsec for XRBM (Fig. 3b) , and 0.9 arcsec for X1 (Fig. 3c) . Note that the maximum slope errors are also not proportional to the net temperature rises listed above.
The average and maximum slope error values are listed in Table 2 , along with the maximum temperature rises. The internal stresses in the mirror (not shown in Table 2 ) are very small because of the small temperature rises; e.g. the maximum stress for U13 power loading is only 172 psi. As can be seen from Table 2 , there is no simple relationship between the total input power P and either the average or maximum resulting slope error. However, for a given mirror material (e.g. SiC), there exists a direct, but not linear, relationship between the maximum input power density (dP /d0d0) and the average and maximum slope errors, as well as with the net temperature rise T. max Fig. 4 shows the normal displacement contour plot for an aluminum mirror under X1 power loading, with all other parameters remaining the same as described above for the SiC mirror.
Whereas the temperature rise for the aluminum mirror is 3.8 °C (less than for SiC under X1 loading), the average slope error is 2.4 arcsec and the maximum slope error is 6.1 arcsec (almost seven times larger than SiC under X1 loading).
Thus, the figure error thermally induced in mirrors of different materials for a given absorbed power distribution is roughly inversely proportional to the deformation figure of merit K/a described in section II above. in contour shape and density for these sources, corresponding the large differences in absorbed power density.
The average displacement contour densities (i.e. the average optical figure errors) are not proportional to the net temperature rises listed above: the average figure error in the tangential (focusing) direction (along the length of the mirror) is 0.1 arcsec for XRBM, 0.1 arcsec for U13, and 0.3 arcsec for XI.
The maximum slope error is generally larger than the average slope error, especially for the XI undulator due to its highly collimated output: the maximum slope errors are 0.1 arcsec for U13 (Fig. 3a) , 0.25 arcsec for XRBM (Fig. 3b) , and 0.9 arcsec for XI (Fig. 3c) .
Note that the maximum slope errors are also not proportional to the net temperature rises listed above.
The average and maximum slope error values are listed in Table 2 , along with the maximum temperature rises.
The internal stresses in the mirror (not shown in Table 2 ) are very small because of the small temperature rises; e.g. the maximum stress for U13 power loading is only 172 psi. As can be seen from . Table 2 , there is no simple relationship between the total input power P and either the average or maximum resulting slope error.
However, for a given mirror material (e.g. SiC), there exists a direct, but not linear, relationship between the maximum input power density (dP/d0d^) and the average and maximum slope errors, as well as with the net temperature rise AT. max Fig. 4 shows the normal displacement contour plot for an aluminum mirror under XI power loading, with all other parameters remaining the same as described above for the SiC mirror.
Whereas the temperature rise for the aluminum mirror is 3.8°C (less than for SiC under XI loading), the average slope error is 2.4 arcsec and the maximum slope error is 6.1 arcsec (almost seven times larger than SiC under XI loading).
Thus , the figure error thermally induced in mirrors of different materials for a given absorbed power distribution is roughly inversely proportional to the deformation figure of merit K/a described in section II above. back-edge restrained Al mirror described in the text. The contour spacing is 250 A, contours are drawn bold for displacements of 500A and greater, and the maximum displacement contour values is 29000 A. Note that only one quadrant of the mirror is shown; the other three can be generated by reflections about the xand y-axes.
EFFECT ON OPTICAL PERFORMANCE
The monochromators of the next generation of VUV /soft x -ray synchrotron radiation beamlínes are designed to provide up to an order -of-magnitude higher resolving power ( Histograms of the image in the focal direction on an entrance slit 5 meters downstream of the M1 mirror described in Sect. II above are presented in Fig. 5 for average mirror figure errors of 0, 1, 2, 5, and 10 arcsec. The radius R of the mirror is chosen to be 191m so as to produce the best point -to -point focus onto the entrance slit.
The source for these calculations is Gaussian in both space (o = 1.2mm, ay= 0.lmm) and angle (a ,= 3.25mrad, a =0.9mrad), such that the mirror considered here is filled. Of course, the actual emittane from the various types of synchrotron radiation devices varies greatly; Fig. 5 demonstrates the dependence on figure error alone, with all other parameters remaining fixed. Gaussian fits in the tangential and sagittal directions are used in the ray tracing calculations to approximate the surface normal displacements calculated in Sect. The displacement spatial distribution used in the left (right) figure is a Gaussian fit in the tangential and sagittal directions to the U13 (X1) displacement distribution shown in Fig. 3a (Fig. 3c) . 
The monochromators of the next generation of VUV/soft x-ray synchrotron radiation beamlines are designed to provide up to an order-of-magnitude higher resolving power (E/AE) than monochromators on existing beamlines without sacrificing transmission (flux throughput) .
The ability of all of these new beamlines to achieve this goal is limited in varying degrees by the figure errors present in the surfaces of their optical elements.
The rmally-induced figure error should be kept lower than that achievable by the best optical companies, which is presently near 0.5 arc sec for large radius spherical mirrors and grating blanks. Clearly, an aluminum mirror does not meet this criterion for XI power loading, but a SiC mirror does meet it for all three syn chrotron radiation sources considered in this paper (XRBM, U13, and XI). In this section ..we present ray tracing results using a ray tracing program developed by F. Cerrina specifically for synchrotron radiation beamlines in order to make quantitative statements concerning the effects of mirror figure error on the transmission of the U13 SGM and the energy resolution of the UMO mono chromator. Due to the presence of an entrance slit in the SGM design, figure error in the vertical focusing mirror Ml produces a loss in transmission at the entrance slit, but does not affect the resolving power E/AE of the monochromator. To this extent, the results presentejcL below for the SGM also apply to the Grasshopper, ERG, and toroidal grating (TGM) monochromators (albeit with different magnifications depending on the geometry and figure of the collecting and focusing optics upstream of the entrance slit).
In contrast, thermally-induced optical figure error -in-Keam lines based on the UMO monochromator and the SX700 monochromator of Petersen ' , which do not utilize an entrance slit, results in both a loss in transmission and a reduction in resolving power.
Again, an entrance slit provides stability in the selected photon energy hi/ against movement of the photon beam incident upon it at the cost of a possible reduction in transmitted flux.
Therefore, the effect of thermal deformation of the optical elements upstream of the entrance slit in the SGM is a reduction in flux, with the selected photon energy hi/ and energy resolution AE remaining essentially unchanged. The heat load issues for the entrance slit and the grating, which will not be considered in detail here, are significant: a change in entrance slit width directly affects the energy resolution AE, as do grating figure errors. Obviously, if the front-end mirror heat load problems can be solved adequately, the slit and grating heat load problems will then dominate.
Histograms of the image in the focal direction on an entrance slit 5 meters downstream of the Ml mirror described in Sect. II above are presented in Fig. 5 for average mirror figure errors of 0, 1, 2, 5, and 10 arcsec. The radius R of the mirror is chosen to be 191m so as to produce the best point-to-point focus onto the entrance slit.
The source for these calculations is Gaussian in both space (a=1.2mm, a -O.lmm) and angle (a ,=3.25mrad, o =0.9mrad), such that the mirror considered here is rilled. Of course, the actual emittan^e from the various types of synchrotron radiation devices varies greatly; Fig. 5 demonstrates the dependence on figure error alone, with all other parameters .remaining fixed.
Gaussian fits in the tangential and sagittal directions are used in the ray tracing calculations to approximate the surface normal displacements calculated in Sect. Ill above for U13 ( 5. Histograms in the focal (vertical) direction on the focal plane of the 2° grazing angle of incidence spherical mirror described in the text: source distance is 10m, image distance is 5m, and the mirror radius is 191m. In decreasing order of intensity, the average slope errors shown are 0, 1, 2, 5, and 10 arcsec for both the left and right figures.
The displacement spatial distribution used in the left (right) figure is a Gaussian fit in the tangential and sagittal directions to the U13 (XI) displacement distribution shown in Fig. 3a (Fig. 3c). loading. Fig. 5 demonstrates that for a typical slit width of 100µm, the transmission of the entrance slit under U13 power loading is reduced by 10% for 2 arcsec, by 40% for 5 arcsec, and by a factor of three for 10 arcsec average slope error. The corresponding flux losses for X1 power loading are 10% for 1 arcsec, 30% for 2 arcsec, 55% for 5 arcsec, and a factor of three for 10 arcsec average slope errors.
Note that the histograms vary in intensity and peak position as a function of both average slope error (0 to 10 arcsec) and the shape of the displacement profile (U13 vs.
X1).
The flux is essentially unchanged for figure errors less than 0.5 arcsec, so we conclude that the restrained and cooled SiC M1 mirror considered in this paper will produce very little loss in flux at the entrance slit of the SGM for U13, XRBM, and X1 sources.
Under X1 power loading, the normal displacements of an aluminum MI mirror (Fig. 4) are almost an order of magnitude greater than a SiC M1 mirror (Fig.   3c ), but the shapes of the normal displacement profiles are very similar. The displacement spatial distribution used in the left (right) figure is a Gaussian fit in the tangential and sagittal directions to the U13 (X1) displacement distribution shown in Fig. 3a (Fig. 3c) .
Virtual source monochromator designs, such as that of the UMO and SX700, provide the possibility of high energy resolution and high diffraction efficiency over a large range of wavelengths. The absence of an entrance slit, however, allows figure errors on the first mirror to distort the distribution of angles of incidence on the grating and thereby distort the photon energy bandwidth selected by the exit slit.
This distortion of the UMO monochromator bandpass is shown in Fig. 6 . The UMO parameters chosen for these calculations are C = 2.25, a -88° , grating groove spacing 1200 lines /mm, angle of incidence on the first mirror (M1) a 86.75 °, angle of incidence on refocusing ellipsoid = 88.003 °, and exit slit width = 50µm (producing resolving power E /AE -400), and M1 is 10m from the synchrotron source as for the SGM discussed above. The source for these calculations is Gaussian in both space and angle with the same widths as used for the SGM calculations above except that a 1 mrad is used in order to reduce coma effects from the refocusing ellipsoid. Fig. 6xshows photon wavelength histograms centered about the selected wavelength a = 20.655A (he -600 eV) for average M1 figure errors of 0, 1, 2, 5, and 10 arcsec for U13 (Fig. 6,left) and X1 (Fig. 6,right) power load distributions. Figure  6 shows that the M1 figure error produced by these power loads causes a gradual broadening of the wavelength bandpass and a reduction in transmitted flux. For 1 and 2 arcsec average M1 figure errors, the flux and bandpass of the UMO monochromator is essentially unchanged from that of a perfect M1 mirror. For U13 power loading, the bandwidth is increased by -25% for 5 arcsec and by almost a factor of 2 for 10 arcsec average figure error; and the flux within the bandwidth selected by a perfect M1 mirror (0.05A) drops by 10% for 2 arcsec, 20% for 5 arcsec, and by a factor of 2 for 10 arcsec average figure error. For X1 power loading, the bandwidth increases by 15% for 2 arcsec, by a factor of 2 for 5 arcsec, and a factor of 3 for 10 arcsec average figure error; the flux within the zero-figureerror bandwidth drops by 20% for 2, 40% for 5, and 60% for 10 arcsec average figure errors. The restrained and cooled SiC Ml mirror considered in this paper deforms less than 0.5 arcsec (average) under U13, XRBM, and X1 power loading and this would not loading. Fig. 5 demonstrates that for a typical slit width of lOOjum, the transmission of the entrance slit under U13 power loading is reduced by 10% for 2 arcsec, by 40% for 5 arcsec, and by a factor of three for 10 arcsec average slope error. The corresponding flux losses for XI power loading are 10% for 1 arcsec, 30% for 2 arcsec, 55% for 5 arcsec, and a factor of three for 10 arcsec average slope errors. Note that the histograms vary in intensity and peak position as a function of both average slope error (0 to 10 arcsec) and the shape of the displacement profile (U13 vs.
XI). The flux is essentially unchanged for figure errors less than 0.5 arcsec, so we conclude that the restrained and cooled SiC Ml mirror considered in this paper will produce very little loss in flux at the entrance slit of the SGM for U13, XRBM, and XI sources.
Under XI power loading, the normal displacements of an aluminum Ml mirror (Fig. 4) are almost an order of magnitude greater than a SiC Ml mirror (Fig.  3c) , but the shapes of the normal displacement profiles are very similar. For the aluminum Ml mirror, the resulting reduction in flux at the entrance slit of the SGM is -30%. These flux reduction figures depend strongly on the source vertical opening angle a , so adjustment for specific source characteristics is required. 6. Photon wavelength histograms centered about the selected wavelength A 20.655 A (hi/ 600 eV) for the UMO monochromator described in the text.
In decreasing order of intensity, the average slope errors shown are 0, 1, 2, 5, and 10 arcsec for both the left and right figures.
The displacement spatial distribution used in the left (right) figure is a Gaussian fit in the tangential and sagittal directions to the U13 (XI) displacement distribution shown in Fig. 3a (Fig. 3c) .
This distortion of the UMO monochromator bandpass is shown in Fig. 6 .
The UMO parameters chosen for these calculations are C -2.25, a -88°, grating groove spacing 1200 lines/mm, angle of incidence on the first mirror (Ml) -86.75°, angle of incidence on refocusing ellipsoid -88.003°, and exit slit width -50/zm (producing resolving power E/AE -400), and Ml is 10m from the synchrotron source as for the SGM discussed above. The source for these calculations is Gaussian in both space and angle with the same widths as used for the SGM calculations above except that <* f-1 mrad is used in order to reduce coma effects from the refocusing ellipsoid. Fig. 6 shows photon wavelength histograms centered about the selected wavelength A -20.655A (hi/ -600 eV) for average Ml figure errors of 0 , 1, 2, 5, and 10 arcsec for U13 (Fig. 6,left) and XI (Fig. 6,right) power load distributions. Figure  6 shows that the Ml figure error produced by these power loads causes a gradual broadening of the wavelength bandpass and a reduction in transmitted flux. For 1 and 2 arcsec average Ml figure errors, the flux and bandpass of the UMO monochromator is essentially unchanged from that of a perfect Ml mirror. For U13 power loading, the bandwidth is increased by -25% for 5 arcsec and by almost a factor of 2 for 10 arcsec average figure error; and the flux within the bandwidth selected by a perfect Ml mirror (0.05A) drops by 10% for 2 arcsec, 20% for 5 arcsec, and by a factor of 2 for 10 arcsec average figure error. For XI power loading, the bandwidth increases by 15% for 2 arcsec, by a factor of 2 for 5 arcsec, and a factor of 3 for 10 arcsec average figure error; the flux within the zero-figureerror bandwidth drops by 20% for 2, 40% for 5, and 60% for 10 arcsec average figure errors. The restrained and cooled SiC Ml mirror considered in this paper deforms less than 0.5 arcsec (average) under U13, XRBM, and XI power loading and this would not (within -10%) degrade the resolving power or flux through the UMO monochromator with 50/im exit slit. For an aluminum Ml mirror under XI power loading, however, the resolving power of the UMO would decrease by approximately 20%.
It should be noted that if no cooling is used, the temperature of the mirror rises considerably (250 -300 °C for a SiC M1 mirror under U13 power loading) , but the net temperature differences remain close to the values listed in Sect. III and Table II (although temperature-induced vacuum problems may result). If the mirror is not restrained, however, the deformations are much larger than those shown in Fig. 3 , by a factor of X20 (slope error X2.3 arcsec for a SiC M1 mirror under U13 power loading).
CONCLUSIONS
We have presented a set of thermal stress analyses of a SiC grazing incidence soft xray mirror subject to the power loads of three synchrotron radiation sources at the NSLS: the U13 wiggler /undulator, an x -ray bending magnet (XRBM), and the X1 undulator. We chose a specific geometry in order to allow comparisons between different sources.
The results of the 3 -D finite -element analyses allow us to conclude that whereas the calculated surface normal deformations are not directly related to the total input power P, they are directly (although not linearly) related to the maximum input power density (dP /dOd0) and to the net temperature difference AT (see Table 2 ). In addition, the deformations for mirrors of different materials with the same input power distributions vary approximately inversely as the deformation figure of merit
The deformations for back -edge restrained, side-cooled SiC mirrors under these three power loads all correspond to slope errors less than 1 arcsec. We have shown that this does not (within 10 %) limit the flux through a 100µm entrance slit located 5m downstream of this mirror.
Therefore the SGM, as well as the Grasshopper, ERG, and TGM monochromators, and others which utilize an entrance slit, would not experience a loss in flux (or resolution) under these power loading conditions. An aluminum mirror under X1 loading, however, would reduce the flux through an entrance slit by a factor of 1/3 due to its poorer deformation figure of merit. We have also shown that these deformations of the restrained and cooled SiC M1 mirror would not (within 10 %) reduce the resolving power or transmitted flux of the UMO monochromotor operating with 50 pm exit slit (E /4E -400 at a = 20.655 A), but that an aluminum M1 mirror under X1 loading would reduce the UMO resolving power by -20 %.
The deformations under power loading from undulators or wigglers on a higher energy machine (e.g. 6 GeV) would be much larger thanlhose resulting from the sources considered here. More sophisticated cooling schemes will be required for these sources.
To the extent that the power loading on the first and second mirrors can be solved, the dominant heat load problems in soft x -ray beam lines will be on the entrance slit and on the gratings2 A total power load of 300W focused onto a 100pm x lcm slit is a power density of 30kW /cm , which can cause much distortion if directed onto either slit jaw. If the entrance slit passes most of the power incident upon it (as desired), then the power load on the gratings will be a major problem both in current and future generation synchrotron radiation sources, since it directly affects both the resolution and flux throughput in all currently designed soft x -ray beamlines. 6. Instrum. Meth. SOS , 43 (1983 It should be noted that if no cooling is used, the temperature of the mirror rises considerably (250-300°C for a SiC Ml mirror under U13 power loading) , but the net temperature differences remain close to the values listed in Sect. Ill and Table II  (although tempe rature -indue ed vacuum problems  may  result) . If the mirror is not restrained, however, the deformations are much larger than those shown in Fig. 3 , by a factor of =20 (slope error =2 . 3 arcsec for a SiC Ml mirror under U13 power loading).
We have presented a set of thermal stress analyses of a SiC grazing incidence soft xray mirror subject to the power loads of three synchrotron radiation sources at the NSLS : the U13 wiggler/undulator , an x-ray bending magnet (XRBM), and the XI undulator. We chose a specific geometry in order to allow comparisons between different sources.
The results of the 3-D f ini t e -e lement analyses allow us to conclude that whereas the calculated surface normal deformations are not directly related to the total input power P, they are directly (although not linearly) related to the maximum input power density (dP/d#dV>) and to the net temperature difference AT (see Table 2 ). In addition, the deformations for mirrors of different materials with the same input power distributions vary approximately inversely as the deformation figure of merit (K/a). The deformations for back-edge restrained, side-cooled SiC mirrors under these three power loads all correspond to slope errors less than 1 arcsec.
We have shown that this does not (within 10%) limit the flux through a lOOjum entrance slit located 5m downstream of this mirror.
Therefore the SGM, as well as the Grasshopper, ERG, and TGM monochromators , and others which utilize an entrance slit, would not experience a loss in flux (or resolution) under these power loading conditions. An aluminum mirror under XI loading, however, would reduce the flux through an entrance slit by a factor of 1/3 due to its poorer deformation figure of merit.
We have also shown that these deformations of the restrained and cooled SiC Ml mirror would not (within 10%) reduce the resolving power or transmitted flux of the UMO mono chromotor operating with 50 //m exit slit (E/AE -400 at A -20.655 A), but that an aluminum Ml mirror under XI loading would reduce the UMO resolving power by -20%.
The deformations under power loading from undulators or wigglers on a higher energy machine (e.g. 6 GeV) would be much larger than..those resulting from the sources considered here.
More sophisticated cooling schemes will be required for these sources.
To the extent that the power loading on the first and second mirrors can be solved, the dominant heat load problems in soft x-ray beam l.ines will be on the entrance slit and on the gratings-A total power load of 300W focused onto a 100/-tm x 1cm slit is a power density of 30kW/cm , which can cause much distortion if directed onto either slit jaw.
If the entrance slit passes most of the power incident upon it (as desired), then the power load on the gratings will be a major problem both in current and future generation synchrotron radiation sources, since it directly affects both the resolution and flux throughput in all currently designed soft x-ray beamlines.
6 .
